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Abstract: Thin film bulk acoustic resonators (FBARs)  have been directly integrated on liquid crystal polymer (LCP) substrates 
for application to the field of flexible electronics.  Particular developments required were chemo-mechanical polishing for LCP 
roughness reduction to enable growth of high quality ZnO films and a through substrate deep reactive ion etch process. Q 
values of up to 126 and 78 for series and parallel resonances combined with an electromechanical coefficient (kt2) ~6.7% were 
achieved. Further device development is needed but this performance is already sufficient for some chemical/ biological 
sensing applications. 
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There is currently wide interest in the developing field of plastic electronics, both for applications where an extremely low unit 
cost is required for example RFid and also - through the ease of  creating foldable structures - where space is at a premium e.g 
mobile phones,digital cameras1.   The use of polymer substrates is a key feature of this new technology and  the extent to 
which  conventional electronic devices can be integrated on them is being actively  researched with a number of  successes 
already demonstrated 2,3. The incorporation of microelectromechanical systems (MEMS) devices presents a still further 
challenge and it is the subject of the present work to directly integrate RF MEMS components,  specifically thin film bulk 
acoustic resonators (FBARs), onto liquid crystal polymer (LCP)  - an attractive substrate material for RF applications due to its 
excellent dielectric properties, low water absorption and dimensional stability4,5.   FBARs, which are normally fabricated on Si, 
are  much used in duplexer filters for mobile phones, and  with the increasing pressure on space and the consequent move 
towards the use of conformal antennas 6  integration of the duplexer would, for example, be a crucial step towards complete 
integration of the RF front end in the antenna.  
 
The conventional FBAR device is composed of  a piezoelectric thin film, generally AlN or ZnO sandwiched between metal 
electrodes, e.g Au or Mo, and mechanically isolated from the Si substrate by etching away the Si  from under the active area of 
the device as the final step of the process.  The piezoelectric layer is almost universally RF magnetron sputtered and it is found 
that  a low bottom electrode surface roughness  is crucial to obtaining the  highly preferred c-axis wurtzite crystal structure 
needed for device operation7. Since, as supplied, LCP  has significant roughness, designed to enable good  adhesion of 
deposited metal layers 8,  some form of surface smoothing was required and chemo-mechanical polishing (CMP) - already   
successfully demonstrated for other polymers 9, 10 -  was chosen for this. For through substrate etching  it was considered  
unlikely that device membranes could withstand the conventionally used laser ablation 11,  and so a plasma etch process was 
developed, extending the techniques used up to now only for  surface treatment 12.  Lastly, although it is expected that roll-to-
roll technology will be used for industrial-scale processing, for these initial investigations it was necessary to develop wafer 
bonding techniques to enable wafers to be kept flat during processing.   
 
FBAR operation relies on RF signal excitation of thickness extensional mode acoustic vibrations in which the two faces of the 
piezoelectric film move in anti-phase. Device design and performance analysis are facilitated by use of the one dimensional 
solution of the governing coupled acoustic-electromagnetic equations for the electrical impedance 13:
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Where ω, C0, k233, are the angular frequency,  geometric capacitance  and electromechanical coupling coefficient and, with 
i=1,2, 3 denoting piezoelectric and top and bottom electrode layers, Vi, Zi, di, are the acoustic velocities,  acoustic impedances 
and thicknesses of  the  layers, respectively. In the present work complex stiffness coefficients were assumed to take account of 
acoustic losses in the layers, leading to complex values for k233 and the Vi (and hence φi, βi) and Zi. Dielectric loss in the ZnO 
was accounted for  by using a complex permittivity in the defining equations for C0 and  k233. As is widely observed in bulk 
materials a quadratic frequency dependence was assumed for the acoustic losses. The above model was implemented in a 
MATLAB14 program  in which literature values were taken for all the materials parameters for the initial design and the 
complex permittivity, ZnO acoustic loss and k233 were used as  the main fitting parameters for modeling of the  fabricated 
devices.  
 
FBARs having a  Au/ZnO/Au layer structure were designed with fixed 100nm thick Au layers (thin,10nm, Ti layers used to 
improve Au adhesion in fabricated devices were neglected in the modelling) and ZnO thickness (~1.0µm) selected  to give 
resonant frequencies in the range 1.8-2.0 GHz. The devices  were series configured in a conventional coplanar geometry with 
active areas  ranging from 50x50µm2 to 1x1mm2 in 50µm steps to facilitate  impedance matching  of devices over a wide range 
of resonant frequencies  (100 MHz to 3GHz) and  a subset of these - the 50x50 to 150x150 µm2 devices - were used in the 
present work.  
 
FBARs were fabricated on Ultralam 3850, a Cu clad LCP foil from Rogers Corporation 15, using the processing route shown 
schematically in fig 1 (reference to which should be made in the following process description). To facilitate planar processing 
4” diameter LCP disks were cut from the as received sheet and these were then bonded to Si backing wafers using Apiezon W 
wax 16 as the adhesive. The key requirements for obtaining a flat surface after bonding -  a uniform adhesive thickness  and the 
application of a uniform pressure between the flexible LCP and a rigid flat plate during bonding - were achieved by spin-
coating the wax  (from a wax/toluene solution) onto both Si and LCP wafers to give a uniform thickness,  
 
 
~10µm, and using a specially designed vacuum  jig which enabled the wafers to be pressed uniformly against an optically flat 
plate by atmospheric pressure. For this latter step the assembly was placed on a hotplate at ~110°C, just above the wax 
softening point. Apiezon W wax was chosen both for its capability to withstand the temperatures and chemicals commonly 
used in micro-fabrication and also its vacuum compatibility. Following bonding, the top Cu layer was removed using a FeCl3 
solution.  Chemo-mechanical polishing (CMP) was carried out using a Logitech CDP51 machine with pad type FastPad PPG 
(IC-1000 analogue) and a colloidal alumina slurry (Eminess Ultra-sol A12) dispensed at 20 ml/minute. With both platen and 
carrier speeds set to 50 rpm and a down force of  5 psi it was found  that  20  minutes was required to completely polish the 
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LCP and achieve an acceptable polish with a roughness  (Ra) value of ~5 nm. After polishing, the wafers were rinsed in 
distilled water and then placed in an ultrasonic bath filled with DI water. The Ti/Au,/ZnO/Ti/Au  layers composing the FBAR 
structure were deposited on the smoothed LCP sequentially using RF magnetron sputtering. The bottom electrode was 
patterned by wet etching using KI/I2 and NHF3/HNO3 solutions for the Au and Ti layers, respectively, prior to ZnO deposition; 
vias through the ZnO to access the bottom electrode were wet etched in a 20% acetic acid solution; and the top electrode was 
patterned using a lift-off technique.  Through substrate etching was then carried out by first etching vias through the Si by deep 
reactive ion etching (DRIE) in a STS Mesc Multiplex ICP plasma etcher and then removing the Apiezon wax and Cu at the 
bottoms of the vias by wet etching in toluene and a FeCl3 solution, respectively. Finally the LCP was removed by further DRIE 
but using O2 as process gas in place of the SF6/C4F8, (Bosch) process gases used for the Si etching. The process was completed 
by solvent removal of the front- and back-side backing wafers with the latter retained initially to keep the wafer flat during RF 
measurements.   
 
A completed device is shown in figure 2, the main features of which are a faint pock marking of the top electrode and 
deformation of the device membrane due to a high compressive thin film stress. The latter is also observed with Si based 
FBARs but is more extreme in this case leading to cracking of the membranes on most of the larger area (>150x150µm2 ) 
devices. The pock marking is not observed prior to LCP DRIE and is thought to be due to a very thin polymer residue. SEM 
measurements (figure 3) have shown that the LCP vias are quite well defined although there is a difficult to remove residue, 
traces of which can be seen on the sidewalls in the figure, which may be linked to the fibrillar structure of LCP. 
 
RF measurements were carried out using a Hewlett Packard  vector network analyzer (VNA) type 8753D with connection to 
the devices made using Cascade ACP40 GSG200 coplanar probes. Prior to device characterization the measurement set-up was 
calibrated to the probe tips using a short-open-line-through (SOLT) calibration procedure.  Following S-parameter 
measurements, on- wafer test structures were used to de-embed the transmission line feeds to the devices.  The de-embedded 
RF response of a 100x100µm resonator is shown in figure 4.  The Q values at the measured series (fs) and parallel (fp) 
resonance frequencies  (Qs and Qp) for this resonator,  calculated from the 3dB bandwidths  of  the S11 and S21 minima,  are 
Qs=126 and Qp =78 and the value of kt2  extracted from the modeling is 6.7%. Other extracted values are 8.4 for the dielectric 
constant (ε), 0.072 for the dielectric loss (tanδ) and 7613 N/m  for the acoustic loss (at fs). The kt2 and ε values are in the 
expected range for highly c-axis preferred orientation ZnO17. However, the Qs and Qp values are  well below those routinely 
achieved with ZnO FBARs 17 and it is believed that this is due  mostly  to an increase in acoustic scattering from a high density 
(~0.25/µm2) of outsized  ZnO grains the presence of which has been  revealed by atomic force microscopy (AFM) 
measurements (figure 5a).  From previous experience these are most likely to have resulted from use of an insufficiently high 
ZnO growth temperature. In the present work this was limited to 100°C but with an alternative wafer bonding adhesive growth 
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in the 2-300°C range, as used for FBARs on Si, would be possible while still keeping the temperature below the melting point 
of the LCP (~315°C). Modelling suggests that the additional loss responsible Qp being below Qs is due to a high tanδ  which 
in turn could be due to a high ZnO conductivity. If so the conductivity would be given by ωεtanδ, and substituting values from 
above,  would amount  to 6.7.10-4 -1 cm-1 (at fp). a value  well above that of bulk ZnO but in the range for O2 vacancy 
controlled conductivity 18 suggesting that the  O2 partial pressure needs to be re-optimized for ZnO growth on LCP. 
 
The potential for integration of functional ceramics onto flexible substrates has clearly been demonstrated and although further 
work is required to enable  high Q applications such as duplexer filters for mobile phone to be addressed it is believed the 
performance of the present device would be adequate for some chemical and bio-medical sensing applications where operation 
is in a liquid environment  and Qs are perforce not as high. Also, although the ZnO films have proved to be extremely resilient 
during handling following backing wafer removal  it is expected that to achieve the flexibility already demonstrated for metal 
tracks on polymer, the ceramic, ZnO in this case,  will need to be confined to the device area and connected to the substrate via  
strain  relieving structures. 
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Figure 1 Process flow for fabrication of  FBARs on LCP substrates 
Figure 2 Optical micrograph of 150x150µm active area FBAR 
Figure 3 SEM micrograph of LCP through substrate via. 
Figure 4 Modelled (dotted) and measured (solid line) RF response of a 100x100µm active area FBAR fabricated on LCP: a) 
magnitude, b) phase.  
Figure 5 AFM image of ZnO grain morphology on a FBAR device fabricated on LCP 
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